Increases in incident UV-B radiation (280-320 nm) have been observed at temperate as well as polar latitudes in recent decades. Although UV-B radiation makes up only a small portion of the total energy of solar radiation and attenual es rapidly in the water column, the high sensitivity of living organisms to UV-B radiation makes the observed increases potentially important in aquatic ecosystems. To date, research has focused largely on the primary producers in marine ecosystems in Antarctica where ozone depletion and subsequent increases in UV-B radiation have been most pronounced. This review addresses the potential role of UV-B radiation in li-eshwaters by taking into account some of the information available in marine systems and applying some of the recent advances in our understanding of the ecology of freshwaters. The potential for complex rather than simple responses of freshwater ecosystems to UV-B radiation is emphasized.
Environmental
exposure to UV-B radiation (280-320 nm) has been an integral part of the evolution of aquatic organisms. For most of their evolutionary history, organisms have been constrained to aquatic habitats where water offers some protection from damaging levels of ambient UV-B radiation. Although, life has existed on our planet for > 3 X lo9 yr it was no1 until 400-450 X lo6 yr ago that ozone became abund,ant enough in the atmosphere to shield life from UV-B radiation, permitting aquatic organisms to make the transition to terrestrial habitats (Fischer 1965; Cloud 1968; Schlesinger 199 1) .
Recently, interest in the role of UV-B radiation in aquatic and terrestrial ecosystems has grown due to evidence that levels of ambient UV-B radiation are increasing in response to stratospheric ozone depletion (Tcvini 1993; Young et al. 1993) . Since the initial report of the "ozone hole" in Antarctica (Farman et al. 1985) , research has focused on marine ecosystems in the Southern Ocean (Weiler and Penhale 1994) where UV-B radiation has been detected at depths of 60-70 m and inhibition of biological processes by UV-B radiation has been detected to depths of 20-30 m (Smith et al. 1992; Karentz and Lutze 1990) . One of the primary concerns has been that inhibition of primary productivity related to elevated UV-B radiation will decrease global rates of carbon fixation and lead to an increase in atmospheric CO, and a consequent acceleration of global warming trends. Independent of any future increases in UV-B radiation, many studies have demonstrated that short-wavelength solar radiation at current levels is damaging to a wide variety of aquatic organisms (Smith 1989; Hader and Worrest 199 1; Hader 1993; Helm-Hansen et al. 1993) .
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Supported in part by a grant from the A. W. Mellon Foundation and NSF grants DEB 93-06978, OPP 93-16534, and INT 93-14421. increases in UV-B radiation of up to lo-20% per decade have recently been reported for both north and south temperate latitudes where freshwater ecosystems are abundant (Madronich 1992; Stolarski et al. 1992; Kerr and McElroy 1993) . Less information is available on the role of UV-B radiation in freshwater than in marine ecosystems (Williamson and Zagarese 1994) . Published data on depth profiles of UV-B radiation in lakes are extremely rare, and few experiments have been performed on the vulnerability of freshwater organisms to natural levels of UV-B radiation. The generally much higher concentrations of UV-B-absorbing dissolved humic substances in lakes vs. oceans (Kirk 1994) suggest that UV-B radiation will generally be attenuated more rapidly with depth in lakes than in oceans. Data that my colleagues and I recently collected on a variety of lakes from Pennsylvania, Colorado, Alaska, and Argentina suggest that the depth to which 10% of surface UV-B radiation penetrates is usually less than a few meters in all but the clearest lakes. On the other hand, the average depth of lakes worldwide is < 10 m (Wetzel 1990 ) and the warm mixed surface layers that provide favorable growth conditions for many freshwater organisms may be only a few meters thick. The lotic ecosystems of streams and rivers generally have higher dissolved and particulate loads than lakes, but they are also much shallower and thus also potentially vulnerable to damage by UV-B radiation.
Role of UV-B radiation:
Four hypotheses
In some of the clearest lakes of the world, 10% of incident UV-B radiation is still present at substantial depths: 7.7 m in Lake Tahoe, 10.8 m in Bessvatn (Norway), and 12.8 m in Laguna Negra (Chile) vs. 9 m in the Bcllingshausen Sea of the Southern Ocean and up to 19.8 m in the clearest waters of the Sargasso Sea (Smith and Baker 198 1; Kirk 1994) . However, these lakes are exceptions, and when they are compared to marine ecosystems, lakes are likely to have steeper vertical gradients in light (UV and visible), temperature, oxygen, predators, food quality and quantity, and other habitat characteristics that inllu-386 ence fitness. These steep habitat gradients in lakes suggest that strong selective pressures exist in lacustrine environments for organisms to be finely tuned to changes in UV-B radiation, that it will interact with other environmental variables, and that it influences not only the primary producers, but also many trophic levels simultancously, often with unexpected consequences (Bothwell et al. 1994) . Here, four hypotheses illustrate this potentially complex role of UV-B radiation in freshwater ecosystems.
Solar ambush hypothesis-Aquatic organisms that cannot detect and respond to changes in UV-B radiation are especially vulnerable to damage from its natural fluctuations.
Solar radiation is highly variable over a range of scales from minutes and hours to days and weeks. In aquatic ecosystems, these fluctuations are due to changes in a variety of factors, including solar zenith angle, atmospheric aerosols, water vapor, height and density of cloud cover, elevation, and, in the water column, absorption and scattering by dissolved and particulate substances and water itself (Caldwell et al. 1980; Sullivan et al. 1992; Madronich 1994; Kirk 1994) . UV-B radiation also tends to increase on the order of 6-8% per 1,000 m of elevation (Caldwell et al. 1980 ; Diffey 199 I)-an important consideration for lakes but not for oceans. At higher elevations, increases in cloud cover may decrease the mean levels of UV-B radiation but increase the amplitude of its fluctuations, substantially changing the ratio of UV radiation to visible light. This change thus creates fundamental differences in UV-B environments in high-vs. low-elevation lakes and streams. Stratospheric ozone depletion results in a strong, selective increase in UV-B radiation, with little or no change in visible solar radiation (Molina and Molina 1986) .
The importance of these wavelength-selective changes in solar radiation with ozone depletion is accentuated within the range of UV-B wavelengths (280-320 nm), where short-wavelength radiation can be several orders of magnitude more damaging per photon to biological systems than longer wavelengths (Setlow 1974; Cullen et al. 1992) . Although UV-B radiation is < 1% of the total energy irradiance of the sun reaching the surface of the earth, even small changes in fluxes of UV-B radiation have the potential to impact biological systems. In addition, the longer wavelength UV-A (320-400 nm) and even blue light may be either damaging or beneficial in stimulating photorepair (Hairston 1976; Siebeck 1978; Hader and Tevini 1987; Siebeck and Bijhm 1994) .
Thus, organisms that detect and respond to UV-A or visible light but not to UV-B can be "ambushed" and damaged by wavelength-selective changes in solar radiation. If effect, they will remain in habitats that they perceive as benign while UV-B radiation inflicts its damage. Although some invertebrates, such as the freshwater cladoceran Daphnia (Smith and Macagno 1990) and larvae of the sand dollar Dendraster (Pennington and Emlet 1986) , have UV-B-sensitive photoreceptors and respond appropriately to selective increases in UV-B radiation, other invertebrates such as the cuphausiid Thysanoessa (Damkaer and Dey 1983) and the freshwater midge Cricotopus (Bothwell et al. 1994) , are unable to detect UV-B radiation and may be vulnerable to solar ambush. Scssile organisms may bc particularly vulnerable to solar ambush because they cannot respond behaviorally to fluctuations in UV-B radiation as in, for example, the hypothesized coral bleaching by UV-B in marine ecosystems during calm, sunny periods (Gleason and Wellington 1993) . Similarly, organisms that live in clear, shallow high-elevation lakes where fluctuation in UV-B radiation may be particularly severe could bc vulnerable because the water is neither deep nor absorptive enough to offer refuge from damaging solar radiation. Interestingly, zooplankton in these high-elevation habitats are often highly pigmented (Siebeck 1978; Byron 1982; Modenutti 1992; Hessen 1994 ). The sensitivity of most vertebrate photoreceptors does not extend below the region of UV-A radiation (Siebcck et al. 1994 ), so they are also likely to bc vulnerable to solar ambush.
Solar bottleneck hypothesis-Small zooplankton encounter a population bottleneck near the summer solstice in oligotrophic lakes due to two conflicting selective pressures: the diurnal vertical migration of predatory invertebrates and other large zooplankton downward during the day makes the warm epilimnetic waters a good refuge for small zooplankton; the high water clarity permits damaging levels of solar radiation to permeate these surface layers that would otherwise act as a refuge from large zooplankton.
The population bottleneck occurs during the annual period of peak solar radiation and only in oligotrophic lakes where clear waters maximize penetration of damaging short-wavelength radiation (Fig. 1) . In eutrophic lakes, solar radiation attenuates rapidly enough that levels of UV-B radiation are very low and the epilimnion remains an effective refuge from large zooplankton.
This hypothesis is based on two major premises. First, in situ levels of solar radiation in the epilimnion of lakes can damage zooplankton in oligotrophic but not in eutrophic lakes. Second, small zooplankton exhibit reverse vertical migration upward into the epilimnion during the day to avoid predation by large zooplankton. Damage from sunlight was one of the first hypotheses put forth to explain the adaptive significance of diel vertical migration (Huntsman 1924; Forward 1988) , and solar radiation is harmful to many freshwater zooplankton (Hairston 1976; Siebcck 1978; Byron 1982; Ringclberg et al. 1984) . In situ levels of the UV-B component of solar radiation within the surface waters of clear oligotrophic lakes killed zooplankton held in the top few meters of the water column and depressed reproduction to depths of 6 m, whereas zooplankton incubated simultaneously in a eutrophic lake were not harmed (Williamson et al. 1994; Zagarese et al. 1994) . These experiments suggest that harmful levels of sunlight exist in the surface waters of oligotrophic lakes but not of eutrophic lakes.
Predation is well recognized as an important factor regulating the distribution and abundance of species in Fig. 1 . Conceptual model illustratirg the presence of a "solar bottleneck" for small zooplankton in clear oligotrophic lakes (A) but not in eutrophic lakes (B). Large zooplankton make the deeper strata of both types of lakes inhospitable for small zooplankton during the day. In oligotrophic lakes, deeper penetration of damaging solar radiation (arrows) creates an inhospitable environment in the warm surface waters during the summer solstice. In eutrophic lakes, the rapid attenuation of damaging solar radiation creates a persistent refuge for small zooplankton in the epilimnion. the freshwater plankton and contributes an essential component to the "trophic cascade" (Carpenter et al. 1985; Carpenter and Kitchell 1993) . Zooplanktivorous fish require light to feed and prefer to cat larger zooplankton prey (Zaret 1980) . Thus, the presence of fish predators often induces strong migrations of llarger zooplankton species into the deeper, darker layers of lakes during daylight hours (Kerfoot 1985; Haney 1988 :, Lampert 1989 . These large zooplankton, in turn, can have a substantial negative impact on smaller zooplankton, such as rotifers, Some large zooplankton are tactile invertebrate predators that prey heavily on rotifers (Williamson 1983 (Williamson , 1993 Stemberger 19 86; Moore and Gilbert 1987) . Even large omnivorous and herbivorous zooplankton may damage rotifers through predation or interference (Williamson and Butler 1986; Williamson 1987; Gilbert 1988; MacIsaac and Gilbert 1989; Arnott and Vanni 1993) . As a consequence, rotifers and other small zooplankton often exhibit a reverse migration upward during the day and downward at night, thereby minimizing overlap in space and time with large zooplankton (Dumont 1972; Hairston 1980; Neil1 1990; Ohman 1990; Williamson and Stoeckel 1990; Williamson 1993) . Two predictions arise from this population bottleneck hypothesis. First, the abundance of small zooplankton would be suppressed near the summer solstice in oligotrophic but not in eutrophic lakes. Second, reverse vertical migration into and out of the epilimnion by small zooplankton would be more intense in eutrophic lakes, where a safe refuge from large zooplankton exists, than in oligotrophic lakes, where high levels of damaging sunlight permeate the surface of this potential refuge.
Solar cascade hypothesis-In addition to causing direct damage to individual organisms, UV-B radiation can have a strong effect on organisms by influencing the abundance of their food resources or predators.
This hypothesis is a simple extension of the widely recognized concepts of cascading trophic interactions (Carpenter et al. 1985; McQueen et al. 1989; Carpenter and Kitchell 1993) and indirect effects (Kerfoot and Sih 1987) in freshwater communities, wherein predators (more generally, consumers) regulate the abundance of their resources and resource limitation similarly regulates the abundance of consumers. Thus, if adjacent trophic levels of a given population are more negatively influenced by direct effects of UV radiation than the population itself, the indirect response of that population to UV radiation may be stronger than the direct response. Indirect effects that are "bottom-up" will have the same positive or negative influence that direct effects have on a given population, while "top-down" effects will have the opposite influence.
Abundant evidence exists for the direct depression of phytoplankton productivity by UV radiation (Karentz et al. 1994; Vincent and Roy 1993) , and this effect may be aggravated by nutrient limitation (Moeller 1994 ). Zooplankton, which graze on phytoplankton, are also vulnerable to UV radiation (Siebeck 1978; Ringelberg et al. 1984; Williamson et al. 1994) . If the negative impact of UV radiation on these grazers is greater than the direct effect on the phytoplankton, and if the phytoplankton are grazer limited, then the net effect of increased UV radiation on the ecosystem may be an increase rather than a decrease in primary productivity and(or) biomass accumulation. Such an effect has already been demonstrated for benthic stream diatom communities that showed a greater accumulation of biomass when exposed to UV radiation than diatom communities shielded from it (Bothwell et al. 1993 (Bothwell et al. , 1994 . These studies clearly demonstrate the need for longer term mesocosm experiments that include multiple trophic level or even whole ecosystem responses to UV radiation.
Similarly complex interactions are present in microbial communities. For example in situ levels of UV radiation can directly inhibit heterotrophic C fixation in natural bacteria communities (Herndl et al. 1993) ; however, UV radiation can indirectly stimulate increased bacterial productivity by breaking down recalcitrant humic substances into low-molecular-weight organic compounds that are more available to heterotrophic bacteria (Kiebcr et al. 1989; Mopper et al. 199 1; Devaan 1993) . This photodegradation of humic substances can also reduce oxygen levels in humic lakes (Lindell and Rai 1994) and produce toxic by-products, such as hydroxyl radicals, singlet oxygen, and hydrogen peroxide in surface waters (Cooper and Lean 1989; Mopper and Zhou 1990; Cooper et al. 1994; Lean ct al. 1994) . The cffccts of these photochemicals on aquatic organisms are largely unknown.
These indirect effects of UV-B radiation on bacteria and phytoplankton, combined with the fact that humic substances are a major regulator of UV-B attenuation in lakes, suggest that complex feedback loops exist between UV-B radiation and aquatic primary productivity.
The net effect of increased UV-B radiation on aquatic ecosystems thus might be to decrease or increase net primary productivity, depending on the relative strength of these feedback loops and on whether primary productivity is grazer or nutrient limited (e.g. Bansc 1990; Martin et al. 1990 ).
Other feedback loops may exist with higher trophic levels as well. For example, in many lakes, a spring clearwater phase of an abrupt increase in water transparency is often induced by zooplankton grazing on phytoplankton (Lampert et al. 1986; Sommer et al. 1986; Luecke et al. 1990; Mazumder et al. 1990 ). These clear-water periods usually occur in mid-to late May, when solar radiation is increasing and approaching its highest levels at the summer solstice. The implications of increased penetration of UV-B radiation during these periods of shifting community structure are unknown.
Related issues are that food quality is frequently important in limiting zooplankton population densities and that the nutritional quality of phytoplankton changes with light levels and nutrient availability (Rothhaupt 199 1; Smith 199 1). In the presence of UV light, secondary compounds, such as xanthotoxin in terrestrial plants, may show an increase in toxicity to herbivorous insects (Berenbaum 1978) . Whether photoprotective pigments, such as carotenoids and mycosporinc like amino acids synthesized by phytoplankton and ingested by zooplankton (Hairston 1976; Dunlap et al 1986; Karentz et al. 199 l) , can change the nutritional quality of phytoplankton is an open question. Zooplankton can sequester and alter these pigments for their own photoprotection (Hairston 1976; Karentz et al. 1991 ) but these pigments also make them more vulnerable to visual predators (Hairston 1976; Luecke and O'Brien 198 1; Byron 1982) .
Fish and amphibian predators, in turn, may regulate the distribution, size structure, and species composition of zooplankton communities (Kerfoot and Sih 1987) and may themselves be vulnerable to UV radiation (Little and Fabacher 1994; Siebeck et al. 1994 ). Many vertebrates lay highly transparent eggs in shallow water during periods of high solar radiation, rendering the eggs potentially vulnerable to UV damage. Recent experimental and observational data suggest that UV-B radiation is a contributing factor in the widespread decline of amphibian populations (Blaustcin et al. 1994) . Collectively, these observations suggest that the indirect effects of UV-B radiation and corresponding feedback loops may extend all the way from water transparency to bacteria, phytoplankton, zooplankton, and vertebrate predators.
Acid transparency hypothesis -Anthropogenically acidified lakes are harsher UV-B environments than naturally acidified lakes.
Acidification from the burning of fossil fuels has been an important anthropogenically induced disturbance in lakes in recent decades (Likens and Bormann 1974; Hendrey 1984; Charles 199 1; Schindler et al. 199 1) . Although data on the factors controlling UV-B radiation in freshwaters arc scant, dissolved organic C and humic substances in particular seem to be important in controlling attenuation of UV-B radiation (DeHaan 1993; Kirk 1994; Scully and Lean 1994) . Lakes that are naturally acidic often have high concentrations of humic substances and are therefore likely to attenuate UV-B radiation within only a few centimeters of the surface (DeHaan 1993; Kirk 1994) . Anthropogenically acidified lakes, on the other hand, tend to have reduced levels of humic materials and greater water transparency (Yan and Miller 1984; Baker et al. 199 1; Schindler et al. 199 1) . The lower levels of humic materials in anthropogenically acidified lakes suggest that these lakes are likely harsher UV-B environments than naturally acidic lakes and that UV-B radiation may even play some role in the changes in species diversity that are observed during lake acidification (Baker and Christensen 1991; Schindler et al. 1991) . It is generally thought that these changes are not due exclusively to changes in pH and that other factors, such as indirect food-web effects, may be important (Yan and Geiling 1985; Yan et al. 199 1; Schindler et al. 199 1; Webster et al. 1992) .
Conclusions
One of the most important caveats to working with the impact of UV-B radiation on freshwater ecosystems is that complex rather than simple responses are likely to be the rule. Most of the existing information on the role of UV-B radiation in aquatic ecosystems is at the organismal or suborganismal level, but the responses we ultimately need to understand are at the community and ecosystem levels and are a function of responses at multiple trophic levels. The responses of freshwater ecosystems to UV-B radiation are not likely to be limited to simple decreases in primary productivity (Vincent and Roy 1993) . Individuals, populations, and species on different trophic levels vary in their sensitivity to UV-B radiation, suggesting that more subtle shifts in community structure at multiple trophic levels may bc common (Bothwell et al. 1994 ). This scenario is similar to the response of freshwater ecosystems to other anthropogenic disturbances such as acid precipitation: Indirect responses as well as direct responses to disturbance are important (Schindler et al. 199 1; Webster et al. 1992 ) and shifts in community structure are common, but net ecosystem processes such as primary productivity, decomposition, and nutrient cycling are largely unaffected (Baker and Christensen 199 1).
The response of freshwater ecosystems to UV-B radiation is also likely to be related to other important environmental changes. For example, recent evidence suggests that climate change has altered the hydrology of the Canadian shield lakes and led to reductions in humic substances with consequent increases in water clarity and thermocline depth (Schindler et al. 1990 ). UV-B radiation levels likely have increased in these lakes, but no data are available. More generally, the interactions between physical and biotic factors in ecological systems (Dunson and Travis 199 1) make the ecology of UV-B radiation in freshwaters a fertile area for research regardless of future changes in UV-B radiation. If the trend of increasing UV-B radiation does continue, research in this area is even more critical. 
